The proteins that form vertebrate gap junctions, the connexins, are highly regulated and have short (< 2 h) half-lives. Phosphorylation of connexin43 (Cx43) is generally known to affect gap junction assembly, channel gating and turnover. After finding dramatic effects on gap junctions with Akt inhibitors, we created an antibody specific for Cx43 phosphorylated on S373, a potential Akt substrate. We found S373 phosphorylation in cells and skin or heart almost exclusively in larger gap junctional structures that increased dramatically after wounding or hypoxia. We were able to mechanistically show that Akt-dependent S373 phosphorylation increases gap junction size and communication by completely eliminating interaction between Cx43 and ZO-1. Thus, phosphorylation on S373 acts as a molecular "switch" to rapidly increase gap junctional communication potentially leading to initiation of activation and migration of keratinocytes or ischemic injury response in skin and heart, respectively.
Introduction
Gap junction-mediated intercellular communication allows for the passage of ions and small metabolites between adjacent cells (Laird, 2010; Scemes et al., 2007; Sohl and Willecke, 2004) . Composed of integral membrane proteins from the connexin gene family, gap junctions are critically important in regulating development, coordinated contraction of excitable cells, tissue homeostasis, controlled cell growth and differentiation (Scemes et al., 2007; Sohl and Willecke, 2004) . Connexin mutations have been linked to many diseases including hereditary deafness (Bergoffen et al., 1993; Kelsell et al., 1997; Laird, 2006) and oculodentodigital dysplasia, a disease caused by connexin43 (Cx43) mutations that can lead to syndactyly, atrioseptal defects and arrhythmias (Paznekas et al., 2003) .
Cx43, the most ubiquitous connexin, can be phosphorylated at 12 or more sites with some apparently increasing gap junction assembly while others appear to inhibit formation or decrease gap junction channel open time (Solan and Lampe, 2009) . Given the unusually short half-life (< 2 h) of Cx43 in cell culture and tissue, Cx43 trafficking and turnover also appear to influence gap junctional communication. In a few instances, we know some specific events that can regulate gap junction assembly and turnover. Phosphorylation at S365 and S325/328/330 appear to positively regulate gap junction assembly (Cooper and Lampe, 2002; Solan et al., 2007) . Gap junction size appears to be negatively regulated by interaction with ZO-1 as a peptide mimetic of Cx43's ZO-1-binding domain (termed α-CT) that can compete out the endogenous ZO-1:Cx43 interaction increases gap junction size (Hunter et al., 2005) and can reduce gap junction remodeling and induced arrhythmia following ventricular injury (O'Quinn et al., 2011) . ZO-1 small interfering RNA experiments also verified that loss of ZO-1 function increases the rate of undocked connexon aggregation into gap junctions (Rhett et al., 2011) .
We have previously shown that ubiquitin-mediated activation of Akt is responsible for increased gap junctional communication and stability following proteasomal inhibition (Dunn et al., 2012) . Here we show that Akt activity is necessary for phosphorylation of Cx43 at S373 and this phosphorylation event causes an increase in gap junction size and communication levels by limiting the interaction of ZO-1 with Cx43. Furthermore, we show that Akt rapidly becomes activated in response to scratch wound injury or hypoxia and leads to Cx43 phosphorylation at S373. This phosphorylation event increases in cardiac tissue in response to hypoxia and skin in response to wounding leading to larger junctions. Thus, gap junction size and activity is dynamically regulated by phosphorylation at S373 and is highly responsive to injury both in vitro and in vivo.
Results

Cx43 phosphorylation on S373
Previously, we used phosphotryptic peptide/mass spectrometry analysis to show the C-terminal region of Cx43 (A371-I382), containing S372 and S373, was phosphorylated in cells (Cooper and Lampe, 2002) . More recently, we showed that proteasomal inhibition increased gap junction stability through activation of Akt (Dunn et al., 2012) . Since S373 had been described as a possible Akt kinase substrate (Park et al., 2007) , we decided to create a phosphospecific antibody that reacts with Cx43 when it is phosphorylated at S373 (pS373). To examine Cx43 phosphorylation in cells, we utilized a MDCK cell line that was null for Cx43 in the parental line (Jordan et al., 1999) but upon stable transfection expresses Cx43 at nominal levels (MDCK43) and routinely forms functional gap junctions (Dunn et al., 2012) . We found (Fig. 1 A) that untreated MDCK43 cells showed low levels of pS373 but inhibition of the proteasome with MG132 caused a 3.2±0.4 fold increase (significantly different, p=0.007; n=6) in the pS373 signal, primarily in a single band with reduced SDS-PAGE mobility. Like many phosphorylated proteins, Cx43 normally migrates as multiple bands in SDS-PAGE due to phosphorylation, and the pS373 band overlaid exactly with a major Cx43 phosphoisoform (indicated by arrow) that was increased by MG132. Cell lysates from MG132 treated cells also showed increased overall phosphorylation of Akt substrates as shown in cell lysates that were blotted with the Phospho-(Ser/Thr) Akt substrate antibody including a minor band that aligned with the same Cx43 and pS373 signal noted above (Fig. 1A) . Furthermore, the pS373 antibody was quite specific for Cx43 as the only major band was eliminated if the peptide that was used to create the antibody was preincubated with the antibody prior to blotting (pS373/pep). These results show that phosphorylation of Cx43 on S373, a potential Akt site, is increased by MG132 treatment.
When our pS373 antibody was used to examine its immunolocalization within MDCK43 cells, the pS373 signal overlaid with signal from a total Cx43 antibody but only within larger, punctate, apparent gap junctional structures (Fig. 1B-D) . A higher resolution image of a cell-cell interface ( Fig. 1E ) indicated that the pS373 signal was localized primarily within the central regions of the larger punctate total Cx43 staining. Quantification of the size distribution of pS373 and total Cx43 signal at over 4000 discrete fluorescent objects confirmed that the pS373 signal was shifted to larger objects (Fig. 1F) . Note that light microscopy does not have the resolution to determine if these larger objects are actually larger junctions or more tightly packed assemblages of junctions. In either case, the increase in fluorescence does reflect an apparent increase in area and/or density of junctional Cx43, and we generically denote this hereafter as an increase in gap junction size.
Proteasomal inhibition increases S373 phosphorylation, gap junction size and gap junctional communication
To further examine the functions of S373 phosphorylation and Akt activity on gap junctions, we stably transfected the parental MDCK cells with Cx43 containing mutations at S373 to mimic (i.e., S373D) or block (i.e., S373A) phosphorylation at this site in order to examine its effect on gap junction size compared to the wild type in the presence of MG132 or the specific Akt1 inhibitor MK2206. In Western immunoblot (Fig. 2 A) , MDCK43 cells show a large increase in pS373 levels in the presence of MG132 that is completely eliminated when MK2206 is added (Fig. 2) . Neither S373A nor S373D mutants showed response to MK2206 treatment but both showed a reduced increase in the slower migrating total Cx43 isoform compared to control in response to MG132. As expected, neither lysate from the mutant cell lines showed signal for the S373 phosphospecific antibody, again proving the high specificity of the antibody. When Cx43 was examined via immunofluorescence ( Fig. 2B ), striking differences were observed in these cells. Cells expressing wild type Cx43 increased the level of signal in gap junctions in response to MG132 and decreased them in response to MK2206. The role of pS373 in these effects was clearly apparent as S373A expressing cells lost characteristic punctate gap junctional staining while S373D cells had large concentrations of gap junctional signal, and these distributions did not change appreciably in both cell lines in response to either drug treatment (Fig. 2B) . Quantification of gap junction size expressed as a volume distribution of fluorescent objects (minimum gap junction/object size defined as 0.005µm
3 ) shows that S373D expression essentially mimicked MG132 treatment whereas S373A cells showed distributions similar to MK2206 treatment (Fig. 2C) 
ZO-1:Cx43 Interaction is eliminated by S373 phosphorylation
Given results from the Gourdie lab concerning the influence of ZO-1 on accretion of Cx43 into larger gap junctional structures (Hunter et al., 2005; Rhett et al., 2011) , we set out to test whether ZO-1 interaction with Cx43 might be influenced by phosphorylation at S373. We utilized MDCK cells expressing wild type (WT), S365/369/373A (S3A) or S373D versions of Cx43 and examined their ability to pull down endogenous ZO-1 in the presence and absence of MG132. In prevention of phosphorylation at these residues allowed maximal interaction with or without drug. In MDCK43-S373D cells we detected only 3.8% of the level of co-precipitated ZO-1 signal compared to MDCK43-S373A with or without MG132 (significantly different p<0.005, n=7). Thus, maintaining S373 in the non-phosphorylated state was sufficient to allow Cx43:ZO-1 interaction while the phospho-mimetic essentially eliminated this interaction.
We then examined the interaction of ZO-1 and Cx43 via immunofluorescence (Fig. 3B ).
To examine this interaction at higher resolution we utilized a DeltaVision OMX® superresolution 3D structured illumination system that yields a 2-fold improvement in resolution.
Angled edge-on volume rendered views are shown to illustrate the amount of co-localization in the z-direction of the cell-cell interface with Cx43 shown in green and ZO-1 in red ( Fig. 3B ).
Untreated MDCK43 cells showed significant amounts of co-localization (yellow) and fairly extensive intermixing of Cx43 and ZO-1 within the same narrow z-plane of cell-cell interface.
When quantified, we found that 6.8±0.9% of ZO-1 signal overlaid with Cx43. Note that the interaction is expressed in terms of percent ZO-1 overlaid with Cx43 since the Cx43 present in cytoplasmic membranes was represented to varying degrees using this technology. MG132 treatment significantly (p=0.0007, t-test; n=6 full images of >1000 total identified objects each)
reduced the amount of ZO-1 overlaid approximately 10x to 0.6±0.2% and in contrast to the intermixed expression pattern in the control, long stretches of just ZO-1 or Cx43 occurred independent of each other while still remaining in the same general z-plane. S373D cells also had approximately 10x less extensive co-localization (0.7±0.2%) than control (p=0.0007; n=6 full images of >1000 total identified objects each), but in contrast to both of the other cell types, ZO-1 and Cx43 were totally independent even in the z-direction. The MDCK43-S373A cells lack punctate structures typical of gap junctions and were not well represented using super-resolution techniques (i.e., only very low levels of staining were apparent) so they are not shown here.
12-O-tetradecanoylphorbol-13-acetate (TPA) treatment transiently increases S373 phosphorylation and gap junction size
When cell lines are treated with phorbol esters (e.g., TPA), there can be a dramatic and dynamic rearrangement of gap junctions with many cell types showing a transient increase in
Cx43 immunolocalization to apparent gap junctional structures followed by loss of this staining (e.g., Sirnes et al., 2008) . Since our results showed that pS373 levels could readily control gap junction size, we decided to study pS373 levels in TPA-treated MDCK43 cells. Examination of pS373 signal through a time course of TPA treatment via immunoblot showed a dramatic increase in signal after 5 min followed by a gradual decrease through 45 min (Fig. 4A ).
Immunofluorescence similarly showed a dramatic increase in pS373 signal at apparent gap junction structures with both total Cx43 (green) and pS373 (red) antibodies after 5 min of TPA treatment ( Fig. 4B) . At 45 min, the pS373 signal is essentially gone and much more of the total Cx43 signal is intracellular. Since MAPK activation has been proposed to be involved in Cx43 relocalization from the plasma membrane to intracellular membranes in response to phorbol esters and growth factors (e.g., Leithe and Rivedal, 2004; Ruch et al., 2001; Sirnes et al., 2008) and phosphorylation at S279/282 has been proposed to be involved in NEDD4 association and Cx43 turnover (Leykauf et al., 2006) , we decided to examine the levels of phosphorylated S279/282 (pS279/282) during this TPA treatment time course. We found that the level of pS279/282 peaked at 15-30 min (Fig. 4A ) consistent with a role in the relocalization of Cx43 to cytoplasmic membranes during this time period.
Ischemia or scratch wounding leads to increased Cx43 phosphorylation on S373
We decided to examine other biologically important events that involved Cx43 relocalization including ischemia and wounding. Specifically, we examined MDCK43 cells scratched with a pipet tip or incubated at 1% O 2 . Scratch wounded MDCK43 cells showed a statistically significant (p<0.004, n=5) and rapid 34±3% increase in pS373 signal detectable on Cx43 at 1 min and with a rapid return to prescratch levels by 15 min (Fig. 5A) . Examination of the pS373 signal via immunofluorescence indicated that the level of Cx43 in gap junctions was much higher at 5 min than the unscratched control (Fig. 5B) . We also examined the activation of Akt via the ratio of phosphoAkt to total Akt levels (phosphorylated S473 and S308 over total Akt) due to scratch wounding and found an increase in phosphorylation/activation in the 1-15 min range with a peak at 5 min (Fig. 5A ).
Examination of S373 phosphorylation incubated at 1% O 2 by immunoblot showed a statistically significant (p=0.029, n=7) and rapid 81±29% increase in pS373 within 5 min that gradually tapered off over 30-60 min in 1% O 2 (Fig. 5C ). Similarly, phosphoAkt levels at S308
and S473 showed increases at 1 min that peaked at 5 min before returning to very low levels at 60 min. Note that the levels of Akt phosphorylation at S473 were much higher than S308
implying that hypoxia triggers more PI3K than PDK activity. Immunofluorescence of cells incubated at 1% O 2 for 5 min showed a dramatic increase in the level of Cx43 phosphorylation at S373 (Fig. 5D ).
Cx43 phosphorylation on S373 increases during cardiac ischemia or skin wounding
We sought to determine whether S373 phosphorylation occurred in tissue and whether it might be dynamically regulated. Cardiac ischemia leads to loss of specific Cx43 localization to the intercalated disc region and gain of Cx43 at the lateral edges of the myocytes in a process called remodeling or lateralization (Beardslee et al., 2000; Ek-Vitorin et al., 2006; Schulz et al., 2003) .
When whole mouse hearts were exposed to no flow ischemia for 30 min, the level of pS373 was increased 3.6±0.4x over control levels (p=0.001, n=6) when assayed via immunoblot (Fig. 6A ).
Immunofluorescence showed sharp and intense pS373 and total Cx43 signals entirely at the ends of myocytes in the region of the intercalated discs under control conditions (Fig. 6B ). However, after 30 min of ischemia, the total and pS373 Cx43 staining was more diffuse and present at both the intercalated discs and lateral edges with more intense pS373 staining in larger puncta. Thus, these results in tissue appear to be consistent with the MDCK43 cells response to hypoxia with phosphorylation on S373 increasing during hypoxia (shown via immunoblot) particularly in larger gap junctions (shown via immunofluorescence).
We then sought to determine if there were changes in the level of S373 phosphorylation in human skin explants in response to epidermal wounding. Unwounded and excisional wounds fixed at 30 min and 24 h post wounding were immunostained (Fig. 7) for pS373 (red) and total Cx43 (green). We observed extensive staining for both Cx43 and pS373 in punctate gap junctional structures in the unwounded and the 30 min wounded skin (arrowhead denotes edge of wound) but saw a loss of both signals in the 24 h wound. We measured the integrated density values for each signal and found that phosphorylated S373 to total Cx43 ratio significantly (p=0.003; n=9) increased 43±11% in the epidermal tissue proximal to the wound margin relative to unwounded control skin. The ratio in the 24 h wounds was slightly but not significantly higher (p=0.2; n=9) than control levels. A few specific phosphorylation events have been correlated with Cx43 turnover (e.g., S279/282), but the mechanistic explanation of how specific Cx43 phosphorylation events actually cause changes in gap junctional properties is lacking. We and others had previously
Discussion
shown that S372 and/or S373 of Cx43 were phosphorylated (Cooper and Lampe, 2002; Yogo et al., 2006) potentially directly by Akt (Dunn et al., 2012; Park et al., 2007) . Therefore, we created an antibody that can detect Cx43 when it is phosphorylated on S373 and mutant constructs that eliminate or mimic S373 phosphorylation. These reagents showed that phosphorylation at S373 regulates gap junction size and is necessary and sufficient to eliminate
Cx43-ZO-1 interaction under our experimental conditions.
Here, we present many lines of evidence that prove phosphorylation at S373 is a simple molecular switch that can control Cx43-ZO-1 interaction. Definitely shown by both immunoblot and immunofluorescence, mutation of just S373 to alanine can eliminate the formation of large junctions whereas mutation to aspartate to mimic phosphorylation results in larger gap junctions that are refractory to drugs that inhibit Akt and eliminate large junctions. with previous reports indicating Akt (Dunn et al., 2012; Park et al., 2007) and ZO-1 (Hunter et al., 2005) interacted with Cx43 at the outer edge of gap junctions. Since our data indicates pS373 signal appears to be more concentrated into the center regions of the gap junction and S373 phosphorylation is quite rapid in response to hypoxia, wounding or growth factor treatment, this could imply some significant diffusion of Cx43 within the outer, "perinexus" region of the gap junction (Rhett et al., 2011) when S373 is not phosphorylated and concentration and stabilization in the middle when it is phosphorylated.
Our data indicated that TPA treatment first led to increased S373 phosphorylation and increased gap junction size prior to dramatic gap junction turnover. Since imaging studies have shown that larger gap junctions can be turned over via removal of "older" channels from the center of the gap junction plaque (Gaietta et al., 2002; Gumpert et al., 2008) , one hypothesis is that phosphorylation on S373 leads to larger gap junctions in order to increase the likelihood of removal via this mechanism. We are currently testing this hypothesis by examining the response of our cell lines expressing mutant Cx43 to TPA treatment. However, since the S373D cells contain larger gap junctions and have excellent intercellular communication, it seems unlikely that S373 phosphorylation necessarily and directly leads to gap junction turnover. Our preferred model would involve subsequent Cx43 phosphorylation at S279, S282 and/or S368 consistent with their reported roles in gap junction disassembly (Johnson et al., 2013; Lampe, 1994) .
There are several reports that have examined Akt phosphorylation during ischemia/hypoxia. Most involve longer term treatments than we performed that can show a reduction in Akt phosphorylation (Majmundar et al., 2012) 
but shorter term experiments have
shown an increase with a return to basal levels or lower within 2 hours (Mockridge et al., 2000) similar to our results. There are also a few reports of changes in Akt phosphorylation following wounding (Pankow et al., 2006) but few mechanistic conclusions have been drawn. Since gap junctions can control migration and proliferation, we propose that gap junctions might be a major effector of wound-dependent Akt signaling.
Our immunostaining of heart and skin tissues and their response to injury is temporally consistent with the results we obtained in tissue cultured cells. S373 phosphorylation increased during cardiac ischemia but the signal primarily remained in larger gap junctions located at the intercalated disc and lateral edges. Akt activation has been shown to preserve cardiac function and limit injury after cardiac ischemia (Matsui et al., 2001; Oshima et al., 2008) . One hypothesis consistent with our data would be that hypoxic injury activates PI3K and mTorc2 activation leading to Akt phosphorylation on S473 and activation/translocation to the membrane. Then, is a precursor to Cx43 degradation and/or lateralization. To investigate this further, we will develop a more sophisticated ischemia model appropriate for additional treatments including reperfusion injury.
Upon excisional epidermal wounding, we observed an increase in the amount of phosphorylated S373 at 30 min. Although not well defined functionally at this point, Akt has been shown to be activated and important for wound repair (Squarize et al., 2010) . Previously, we have shown that gap junctional communication within the first 6 h post wounding is critical for migration of primary human keratinocytes to fill the wounded region (Richards et al., 2004) , so S373 phosphorylation may occur to increase communication in this time frame. At 24 h and longer, several groups have shown that total Cx43 is reduced near the wound margin and that this event promotes more rapid healing (Coutinho et al., 2003; Goliger and Paul, 1995; Lampe et al., 1998) 
Materials and Methods
Antibodies, cDNA constructs and other reagents
All general chemicals, unless otherwise noted, were purchased from Fisher Scientific. Center Hybridoma Development Facility (Seattle, WA) and have been described previously (Cooper and Lampe, 2002; Sosinsky et al., 2007) . We made rabbit antipS373 Cx43 antibody by custom commercial preparation (ProSci Inc., Poway, CA; 13 week schedule) against a synthetic peptide that was phosphorylated at a position equivalent to S373, i.e., Acetyl-PASS(p)RPRD and linked via a C-terminal cysteine to maleimide-activated KLH (Thermo Scientific, Rockford, IL), and phosphospecific antibody was affinity purified essentially identically to our previously published method . Phospho-Akt (Thr308, #2965), Phospho-Akt (Ser473, #4060), and Akt pan (#2920) antibodies were purchased from Cell Signaling (Danvers, MA). Cx43 cDNA with S373A, S373D and S365/369/373A mutations were made using the GeneTailor site-directed mutagenesis system (Invitrogen, Carlsbad, CA) on full length Cx43 cloned into the mammalian expression vector pIREShyg (Clontech, Mountain View, CA).
Cell line maintenance and transfection
MDCK cells were cultured in DMEM (Mediatech, Pittsburgh PA) supplemented with 10% FCS (Atlanta Biologicals, Lawrenceville GA) and antibiotics in a humidified 5% CO 2 environment. For the 1% O 2 experiments, we utilized a NAPCO Series 8000WJ equipped with regulated nitrogen displacement and oxygen sensor. Wild type and mutant Cx43 were cloned into the pIRES Hyg vector and electroporated into a MDCK cell line lacking Cx43 expression (Jordan et al., 1999 ) with a Nucleofector apparatus (Amaxa Biosystems, Gaithersburg, MD), and cell lines expressing similar levels of Cx43 were dilution cloned and selected using cloning rings. MG132 and MK2206 were added to cells for 3 h except where indicated. MDCK43 cells were scratch wounded as previously described (Marquez-Rosado et al., 2012; Richards et al., 2004) . Briefly cells were cultured to confluence on 10-cm plates, and the medium was replaced with Opti-MEM I (Invitrogen) reduced serum medium 24 hours before scratching with a 200 ml pipette tip, and the remaining cells were incubated for the time indicated.
Immunoblotting
Cells or cardiac tissue were lysed in sample buffer containing 50mM NaF, 500µM
Na 3 VO 4 , 2mM PMSF and 1x Complete protease inhibitors (Roche Molecular Biochemicals, Alameda, CA) and cellular proteins were separated by SDS-PAGE (10% polyacrylamide). After electrophoresis, protein was transferred to nitrocellulose, the membrane was blocked, and antibodies were incubated as previously indicated . IRDye800 donkey antirabbit (Rockland Immunochemicals, Gilbertsville, PA) and AlexaFluor 680 anti-mouse (Molecular Probes, Inc., Eugene, OR) secondary antibodies were used to simultaneously visualize the phosphospecific and NT1 antibodies, respectively, and were directly quantified using the Li-Cor Biosciences Odyssey infrared imaging system and associated software (Lincoln, NE).
Immunofluorescence, immunohistochemistry and co-immunoprecipitation
Cultured cells were washed twice in PBS, and fixed in cold methanol/acetone (50:50) for 1 min followed by a 1 h block in 1% BSA in PBS. Formalin-fixed cardiac tissue was paraffin embedded and sectioned (4 µm) as previously described (King and Lampe, 2004 system (skin). The image analysis software package Volocity version 6.1 (PerkinElmer, Waltham MA) was used to determine the size of gap junctions in the cell lines. We defined a minimum size object for a gap junction of 0.005µm 3 . Using Volocity measurement view, an object volume measurement protocol was built to determine volume, and the results were graphed using Minitab software.
For ZO-1 and Cx43 co-localization studies, cells were grown on #1.5 square coverslips (Fisher Scientific) to 90% confluence and fixed, immunostained and mounted as described above and a DeltaVision OMX system (Applied Precision, Issaquah WA) was used for imaging the cells. Images were deconvolved using a constrained iterative algorithm (softWoRx 4.1.2;
Applied Precision), and Volocity was used to determine the volume of objects for each channel, with an additional task module used to calculate volume of overlap.
Cardiac tissue was collected and ischemic conditions were generated as previously described (Ek-Vitorin et al., 2006) . floating in KBM media (Lonza). After 30 min, the tissue was bisected through the wound, mounted in OCT, frozen, and 10 µm sections were cut on a cryostat. After sections were cut, they were placed under vacuum overnight. Prior to staining, they were fixed with cold 50:50 methanol/acetone, washed 3x in PBS and blocked with 1% BSA. The sections were labeled and processed for Cx43 and pS373 immunofluorescence as described above. A DeltaVision Elite system using an Olympus IX71 microscope was used to collect images at the indicated wavelengths using 0.2mm optical sections that were subsequently deconvolved (softWoRx 4.1.2) and examined using ImageJ (Schneider et al., 2012) .
Co-immunoprecipitation experiments were performed as described previously (Cooper and Lampe, 2002; Solan et al., 2007) . Briefly, cells were lysed in immunoprecipitation buffer (0.5% deoxycholate, 0.5% Triton X-100, 100 mM NaCl, 10 mM EDTA, 50 mM NaF, 500 µM Na 3 VO 4 , 2 mM PMSF, and 1× Complete Protease inhibitor, 50mM
Tris-HCl, pH 7.2) and precleared. Lysates were incubated with IF1 Cx43 antibody for 30 min followed by the addition of protein G beads for 2.5 hours, washed three times with cold immunoprecipitation assay buffer, and eluted with sample buffer prior to SDS-PAGE and immunoblotting as described above. 
FRAP measurement of gap junctional communication
Statistics
Except where specifically indicated otherwise, results are reported as mean±standard error of the mean with significance is expressed as the p-value calculated using a standard two-sided t-test. 
